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Alxstract,

‘1’ltis  IJ:I],(’I’ (I(wril)(s  it 111( ’111(,(1 for (’olltrol” o f  l:ilicill:(lic:llly Icdllll(lallt ltl~llil)lll ill{)ls f(~l t(lcr(,l)olics

:l])l)li(’ilti(~lls. ‘1’llis i s  01]( o f  111(’ ]Jrotolyl)r 1(’clltlolop,irs IJri]ip,  (Icv(’loj)((l ill ilIc ,11’1, Su]jrrvisory ‘lklrr-

(JI)(J( i(s (S’1’l:l,l:li) l,al)OIalc, ry for l(Jc:I1/tflIIol( 1(1(. I(IIJo1 ic ol)(.]alio]ls. ‘1’(.l(lol)olics” 1))11s1  I)mvi(lc reli-

;Il)l(~ ol)(~]a(ic)lls  ill ]I?ll. [iii]ly Strllclllrc(l all(l Illlsll’ llcllll(. (1 (~llvilolllll(~llls :Is lv(~ll as  ])wvi(lr a Ivi(lr Iallg(.

o f  (’;l]);  ll)iliii(s }vil]l II I()(I(s(  Collll)llliilp, ])()\v(r. Sltl)(rviw)ry ‘lklcrol~(ltic syst(IIIs lIHV(  a Ivi<l( va]i(ly of

;Il)l)li(’il[iolls illcll](li]l~ ]I];ii]ll(’]l<lllc(’, i]lsl)(~ciiotl, (’xl)(.rilll(~tl~  l(~tl(li]lg,  aII(l s(’rvicitl~, ‘I’(J aclli(’v(’  lII(w

:;(MIls 111( t(cllllc)l(lgi(w of  (1(’x(lolls  l}li~llil)(lliltioll llsillg Iii]l(v])a tically r(dlllld?IIIt arl Ils, ac[ivc colllj)liallt

colll rot, illl(l  ]Illtl[i-s(,]lsor slt;trc(l  C(>lI1 lo] lIi+\’( 1)((11 I)rollp,llt togrll Icl i)) a Illlifi(d C’o]llrc)l fralll(’~vc)l’k.

‘1’llis sill~,lc Collt rol St r(tclllrc \vill (]1:11)1(’ sllccwsflll collll)lcti(,ll o f  tasks  ~vllil( I)(i Ii/; al)lr 10 r(w])ol I(l to

Illl])lilllll  (’(1 SC(’llill’i[)s,  IIllslt’11(’till’(’d (’]11’ilc)]lltl(’ills ~11(1  a]lo]ll:tli(~s.

A  l:itg( 11111]11)(1  of 11)01 ion Sollrccs  Illay 1)(’ 11( ’C(’SSillJ’  ill a  IOIICI1 Cc)lllrol  syslclli wllicl] i s  Cxl)ccl(’d {()

l)(,rfol Ill a \vi(l(, varirly o f  tasks.  I“or (IxiIIII]Il(, H 1 rili(Ct OIJ”  p,(’) lrtiitol  IIl;ij’ 1)(’ II(VII((l  10 ])rovi(l( ])osilioll

s(ll~(~i[]is, I(JI’C(’ S(’11S01 itll)ills lllii~ 1,(’ ll(’C(,SSill~ fol contact d]l],li CiitiOllS,  Il:ill(l COII(l(,II(’I il)}~ll{s 111:1~  I)C

11( ’( ’(1(’il for ()])(slill()l’ Colll  toll gril)])cr 1 [101 ion for gl”il SJ)S, all(l YiSll ill f(’(’(ll)il (’k for alllo]tl:liic illigtllllcllt.

hlilll~ t ;\SliS r((l~iiw a sillltlll a l l ( ’ o i l s  co)l)l)il)atioll” of )Il[)t ion sc)lll’c(’s. A  cott[l)li:llll ~1’iiS])  t ask r((lllir(x

sitlllllt ill)(ol]~ f[)rc(.  cOII(  IO] ill](l  p,tit)])(r  cOII1  rol, A sIIa I((l COIIIIO1 ]Jolisllillp, t :IsI; cOIII(I IIS( 11:111(1  C(JIIt ~oll(’I

ill])llls to sl)tcif) Itlotioll” i?lllp,(’llliill 1( I d Sill ’f i lCC \Yllil( force (’0111]01 Colltlols” lIIC  force of (’Olllact \villl lIIC

slltfac{, ;l)I(I  111(~ ]Il;lllil)lll;ltor r(. COl Ifip)Ilt(W itw]f ill I,(;II  lil]]( 1( I si a}, ?I}!’21V frottl joill[ Iitll its, sitlg(ll; lriti(w

:111(1  c(~llisiolh.



‘1’11(  II(wwary  lIIIIIIl)(r  o f  (lcgr(m  of’ frw(lcJIII  (1)01’s)  of tlIc IIl(clla]lislll CaII also vary (l(l~(tl(lillg 0 1 1

tlI(  ti\sli,  A  f(,(lr 1)01” SC:Ira lllalli])lllator i s  s~l[lici(llt f(}r  }I]iI]Iy ]~icfi aII(l ]JlaCO o])rra{ions. A  s i x  lJolI”

IIl:llli])llliilol i s  s(lflici(’tlt for ]Jlacilig ol)jm-ls ill all arl~itrary orirlttfltioll, A  sr\r(sI] 1)01” I)liiljil,lllator

I)rc)vi(l(s ;III al)ility 10 colllillllous]y c] Iiit Igc ifs illlcrtla] litlfi cc)llfig;(lratioll f o r  ii c(JIIsiaIIl  100] ]J(~sitioll

all(l ori(’lltatioll, a n d  Cilll  C’xtclt(l  (11(’ d(’x~ lolls \VolfiSj)?rc’(’. l’clr tll(’ SPY’CI1 1)01’”  Ilta!li])llliil  or, 111(’  ])ossil)lc

(Iill)ctlsio]t of i II( oi]l])llt IItolioll (scv(~i)) is grciitrr tlia II tltc ditlle]lsiotl of I)(wsil)lr ]tlotioll of tlw gri}~})er

(six). A l l  o f  lIIC  ]I)ecllallislll l)ol~s SIIOII1,I  I)( availal)lc for t a s k  cxccl)[ioll, ‘1’IIP colltro] SC}  I(’111(’  II IIISt

{Il(r(fol(” allow lJotlI ;I vfirial)le IIllttll](r o f  sit]lllltallwlls illl)llt sollrcm iiIId a Iwrial)lr (Ii])lrllsi(,ll t a s k

sl); l(’t~.

l’t(\i(Jlls al)])r(mcll(s to 1(’dllll(lallcy rw)llilioll i]lclll(lc ],s(ll(l(lill\’crs( atl(l augtIIcIItfd ( o r  co]tl]~ositc)

.Jac(jl)i:ltl  II IctlIo(ls. A  lvidc variety of ])stll~loill~(rs~ a])))I(mclIw lInve ~ltilizcd ]Irc)jcctio]l o])rrators 0 1 1

t II( 111111 sl)iIcr of tli(’ riIc1-c[lbcloI ,Iacol)iall 10 resolve t I)c rdIIII(laIIcy. ‘1’lIrsr II IcllIc)(ls CaIIIIOl ill g(II(’ral

/,lli\lFlllt(>C  cyclic or collsrrvali\’( Iliotio]l aIId l]]or( j]]]])ortatllly oftcll cal IIIot ~llariilltre dim-t co] Ilrol o f

(11(’ (iltir( l\\ccl)allislli. ‘1’llis oftc)t rcs(llts ill sol]]( Ullsl)ccifi(d il)tcrllal ]Ilotion o f  tllc lt}r-cllallislii. ‘I’l IcwI

III([II(J(Is  ill S() I(ly ]Icavily 011 o])lilliizatioll flll)cliolls to resolve 11)0 rdlltl(lallcy \vitll oIlly local rcsill(s all(l

oft(t) wi[ll ol)jectiic filllc(io)ls of (Ill(wtiollal)lc Il(ility 10 tlI(I  (ask a t  l]all(l. Allgllt(l]td ,Jacol)iall II I(tl Io(ls

f’oclls  (III (l(litlill~ liillrlll; llic fllllctiolls llIat ])rovi(lc for}var(l iil I(l difbrclltial fiillrlllatic rclatiollslli],s to

;Ilt(’ll]])t to fltlly sl~(cify 111(’ Itloliott of all d(’gr(m of fwxlolll of flj( IIiccljallisl]l. ‘I’l Icw a])])macllos IIav(’

11(’(11 filirlj’ Sllc(’(’ssf’lil[l ,  2, ~1] 1)111 s[ill lla\(. S(,lllc  (Ii([ic(ll[i(s. ofl(tl tlIr fc)ri!,ac(l  fiillrllliltic rrl:ilic,tlsllil)s

ar(~ (Iilliclllt 10 colll]~lltc ;III(I  lIIay ]Iot IJ(’ d(’litl (xl ol’ct tlIe (,]llirc Irorksllii cc. A(l(litiollal]y tllc ltlajorily

(If tll(w(’ fllllctiolls (lo I1O( Ilav(’ clos(’(1 forlll ;Jac(Jl~iall l’(liliiollslli])s slid rquirc IIli]il(rical tcclll}i(lllw for

collll)llla{iott,” hfilll J’ o f  t]lr ])rc)l)lcllls  \villl ilrtifici:ll sit)glll;iritics o f  tllrw ll(\v fiillrl[la(ic f(illc(iolls all(l

(I  IS(’[)I II II II  II  IICS  111 SIVll  Clllll~fl’C)l  I)oll(”  fllllc[ioll C) ISlll)lil  Sli  II; IVC  1)( ’(’11 :i(l(lr(wc(l  Iisi]lg  (lillll})C(l  l(~a St S(III; II’CS

f’or ],(mili(~)l c(,tIt  rollr(l :ll~],licat iolis [4, 1, 2], ll(~\\I(,v(r,  da]tl])(xl lcasl  sql]ar(s Ivilll joilll vcloci~~’  Il(ip,lll illg

itll 1“()(111(’(’s t  1“<1(’liillg  (’1’1’01  t  1]1’ollgllolll 111(’ \VOlliSl):iCC :111(1  rc(l~iir(w  tllc s(’l(,ctio}~  of \\’cip,lltiltg IItilt Iic(-$
. . .

l\ ’lllr’11 IS Of[ell lloll-l  llllllllv(~, Illalty  of 1 II(W iss[lcs  ll:lvr Ii(,( IWCII a(l(lr(ww(l fol f(~rcc or iliil)c(laljc(

(0111101” ill)l)lic{ltiolls.

‘l’ll(s ill)] )l’()[1(’11  10 (’(111 [1’01  of kill(’lllill ic;illy 1( ’(lllll(liillt lllillli]l(ll:l tol’S (l(wril)cd 11(1’C 11S(3S a  fix((l laSk

S[);1(’( ])iilillll(>t( TliZil[ioll of tll( S;llll(> (Iilll(llsioll as tll(’ rol~(]t.  ‘1’llis i s  (Irsiral)]r flotll llIr Stilll(lJ)oillf of

(Ilwct 1}’ collt roll tllp, all (1( ’gr(w 0( fr(x’(lolll al)(l (,1 Ilt IT IIat 11)~, l]])ro)ltroll(xl II)t  ertla] ]tIol IoIis \vllicll ca]l  ])(M(
.

h;if’o(y,  co]lisioll,  ” all(l c~’clicit~’  ])r(~l~l(’tl)s, A(l(litiollillly ii is (Icsiral)lc to lIlafic 11s(’  of all avail al~](’ (1( ’gr(w

of fr(v(lolll 10 co]lll~ldr fiillelllalically cllallollgillg iasfis it) Ill)s[rltclitre(l c)ivirt)liillellls that }IIay II()( I)c

]Jart  of tll(’ l>lallll{(l stlit(’ of ca])itl)ilitics,

‘1’11(’ lEISli S]):~C(  ]):ir+lllicl(’liziili  oll  (IOCS  II()(  Cll:illgC  OV(’I  tittlc. IIlstca(l  all itlt])c(laiic(, 1110(IC1 i s  il])l)liC(l

lIJ ilI(I fllll (lil)l(’llsiolt of 1}](s t a s k  s])ac( :i IId sl)ar (xl c(~lllrol l(~cl)lli(l(t(’,s  arc 11.s(x 1 to col]ll)ill(’ r(a] :111(1

\irt 1]:11 s(iw(~ry  illl)l)ts to t II( illl~w(lallcc ILlodct. III t h i s  \vay,  de~rw(s) of f)(wlo)]) lIcmt I ally rcf(’rrcd

to as Ixxlllll(lallt ill~ Iltlifi((l \vitll tll( t?iSli Sl)acc alt(l r(’f(r(llc( trajcctori(w :is \vcll as sc)lsor  (I:it;i callsr

Itlotioll (If III( (’lltim IIt(cllallistll. A(l(liti(lllillly sil)c( [Ilr {ask  sl~aw  l~:lr:llilet(riz:ltic)li  i s  fix(d, issu(.s o f

s\yiicllill~ discolltil{~lity (10 II()( ;irisc al}d sill~~l]al lrp,iolls associ; it(d \yilll Iltc task s])ac(’  i)al?lltlcl(liziltioll

ill’( fixml. ‘1’lle  (tilir(, t:lsl< S;Jl:lC(’  of 111( IIlallil)lllator (’iIll 1)(, Ilsc(l  to ilCColll])li  Sll  t a s k s  :Is illotioli  is

IIlil])ll(’(1  10 t II(’ a])l)r(~l)rial( (1(’gr(w o f  frw’(lolij. ‘1’ltlls (,tllillc 11111 ]](’li  Ciil trclllli(lll(’s arc  1101 reqllir((l to

Collll)il!($ (lifl’(m~tia] (,l?l C(ll)iilll) rx’latiollsllilw. \\ ’11( ’11 Ol)(,rillillp;  ill [Ilrls(  1(’p;iotls  ])ot(’]ltinl  fi(l(ls  lIliIy  I)(,

alll)li(’(1 to tli(” it]]l)r(lti]lcr I]lo(lrl to itlllil)it IIlovelllcllt ill lIIC sillg((lar or illcr(,i~sill~ly sill~,lll~r dirvc{iolts.

ijl[(]lliitiv(l), i f  IIosilioll l)asc(l  itlllmlallcc co]ltml i s  I)(itlg 1)s((1, {110 (Ia]ll])c(l l(ast s q u a r e s  IIl(tllo(ls

C;ill })(’ 11s(’(1 \vitll tll(’ tlil(’liillg  (’rror ])rdllciltg,  V(locily  w(iglltil]g  c)l]ly activ(, ill  tllr sillg(]lar  I(gio]]s,

‘III(’  ])ilrii])  l(’t(’~i  Z:ll  ion o f  rmllill(la]icy discllssd IIclt ~(il(rally IIavr sollIr ])llysical Sigllificilllcc, llolv(vcr,



1}1(1( :lls(~ (xist a wi(lc vari(ty Of Iiill(lllil(i(’ {l~l’illl~(ll l(llt S [Il;it Itl:lj’ 1101 lI;IV( ii “lliltlli?ll”  l’(’(lilll(li\ll C~

])iliiilll(>t(>l  that Ilas ])l)ysical  si~l~ific:lllc( (Jr S])alls  a sigllificitllt,  ]Jortiolt  of t]lc U’c)rksl)acc,  ]11 Sllc]l  r-ascs

o]I(, cal) r igh t ly  ii](lllir( il][o (Ilc ltlotivalioll 1)(’llitl(l s(lcll  a (I(sip;]l  fr(nl] a  task  cx(x-(ltioll l)rrsl~(’cliv( and

(Icl(rll)i]l( 111( IIlit[ill]lltt) W( Of ))alalllrt(’rs {flilt  \vill c(lllll~l(tcl~” d(writ)e tllc ti+sfi s])acr for tllc tilSk  a t

Ilalld,

‘1’11(1( ar( (Ii flbwllt Ivays  (0 illl],lclllc]lt a systcII) to ]~mvi(lc ]Illlltil]lc ill])llt sources.  OIIC solllliol] is to

I)royi(l( a fl(xil)l(. ro])ol I,rogralillllitlg rllvirollttlellt \\]licll ],r(,vi(l(s a laycwd set of slll)rc)lit iilcs for Iol)ot

al)])li~iitiolls ])rogra II II IIi IIg. A  c(istotll l)]mgraltl C(JIII(I tlI(, II I)c d(~v(do])c(l  to  Iltilizc tlIc IIrdc(l SC]]SOM

for :1 sl,ccific t~l~li.  A  rol)ot  liillg(iil~(  coi]l[l  a l s o  I)c Iis(’(1 io (Irv(lol) a  l~rogrirIII to ]IICIgC co]ltrc)l l)asc(l

111)011  Illllltil)lr s(tlsoh. ‘1’11(’ a])l)roacll lid 1 0  itilt)l(’]llr]lt IIIC coIIlrol arr-llitrcturc of lllis ]Ia],cr i s  to

l,rc)vi(l( {~ [ix((l s(,f(~vfirv  sysl(III \vitf\ d a t a  (lri\cll ex(.cl]tioll, ‘1’lIr colltrc,l systcl]l ])rovides a Iargc sllitc o f

c;il)al)ilit i(x I)as(x] 111)011  i]ll~ltt data ,  ‘1’ilis a])] )i’oil(’11 is 11s(’(1  to sat isfy rcqllircillc]lts for sl)acc  lel(’rol)ot ics

\YII(I( tll(- flight COIII])OIIeII(  o f  tllc tclcrol)otic systetll llllw~ Im f l i g h t  qllalifi(d, ‘J’IIc fix(Yl  flight soft\ varc

cat I IJrovi(l(, t II(, IIl(llt il)lr ccjllt  m] soltrccs  w i t  II  t Ilc I)ellavior of colltml frolll cacl  I s(IIIIce  dclwIId(lIt 0]1

tll( Ijill:tlll(t(liz:t(ioll (Iat;l II,llicll cal I IJC wilt front a  (Iistallt grolllld stat iotl. ‘1’IIc act(lal task exm-(ltioll

II I(I( i~lll is tll(’ 1(’*lll(illl( lwllavior of :111 t II( itll)llt sollrc(,s,

‘1’llis });il)(r (l(scril~(h  a cc)ll[r(,l arcllit(,ctllr( Ivllicll illl(l\VS  (x(cllti(~ll o f  a  t a s k  to I)e colisid(re(l ;Is lltc

r(x(lll;illt l)clla\’ior o f  (’x(, c(lt ion of  ltlllllil~l(~ cotlcllrreilt I)cllaviors. ‘1’IIc (Iiltlrllsioil ality of tllc cx(c\ltiol\

Sl)il(’(> of (:1( ’11 I)(llil\’ior  all(l  111(,  l(>Slll[illll  1)( ’llitvi(lr Call 1)( ($xl(~ll(lc(l  10 tile (Iiltlr]lsiollality of tll(~ COll -

t  1011((1 Ili(cllallislll. ‘1’il\li (1(’scyi]~t  ion col~sists  of (lmo~lllx)si]lp; t II(J (l(sirc(l cx(cltliol) i]lt o t]Ir IIllllti],l(

+11111111  ;l] 1(,()(1,<  l)(>]lii Vlo[, S, l’;il(’11  I)(llayior g(ll(ral(w ]Ilotio]i co] IIl]lal I(ls Ivliicl] arc ]I](rg(’(1 ill a co]II]II(JII

Illotil)ll S1)?1(’(’  10 Colll])llt(”  ii I’(WIII[:III1  (’ollllllilll(l  10 111( IIl:lllil)lllil  tot’, ‘III(  t:lsli  Sl)ac(’  of (’ilCll  l~(llavior

cat I lla\’( tll( (lill](~llsi(]li:llity of tile lll(Cllillli Sill I)(illg Coltlroli((l.” ‘1’11( arcllitcx-t(irc i s  a]l]~li(’(1 to c(Illtr(lI

(If ;1 M’\”(ll I)()]” 111:111 il)llliltol’. ‘1’11(’ l’(’Slllt  S :11’(’  also  al)l)li(’iil)lr  10 0111(  ’1” l’(’(lllll(lilllt  :111(I  11(111  -1’(’(lllll{ldlll

Illillli ll(ll:(tols \vitll valiolls Iltllnl)crs of I ) ( ) ] J s ,  l’rc\,iolls \vorli lIas  (lescril)c(l t(~clltli(l(i(w for collll)liallt

IIloti(jli co]ltlol [~), (j, “ ’ .,
(], sll;lr~’(1 colllrol [ h ] ,  :111(1 rmlu II(la IIcy r(sollj(ic)tl [f), ](), ] ]],

‘III( Colllrol a]cllitwt Iirr for siltllllt:ltl(( ](ls(’x(cllt i(,]l of llllll~il)lecolltrol” lJ(lti\Yiols is slIo\YII  i)] Iigllrr I

‘III(’ .4] J])//({///(Jl/ ,Sjl(ic(  i]]clll(l(w ill]  ])olctllial al)])li(’illioll laslis \yllicll 111( 1(}1){)1 colItrol sysl(’111 lIIl]sl

I}( ill)l(> I(I  ilCCOlll])liS1l. ‘1’11(%(  a]~l)licati(,ll ti151iS  (’0111(1 1)(’ S(’(lil(,ll(’($(l  tog(tllrr  to ilCCc)ltl I)li+ll ii Iitfg(,l taSli,

l’;x(xllt i(,ll of a  gi\(ll il[)l)li(’;llioll t a s k  Cal) 11( (l(colII}I(Is(Yl  into c(~l}clllwllt ly exrc\lt il)g l)rllavi(,rh. 1)01

(’xattll)l(’, a  (I(mr ol)(’rlitl~ (il Sli Colll(l Ilt iliw a t raj(~c[ory g(’il(’ratc)r  10 g(’tlrrat(’ tlt(’ liolllillal t l:l,i(’ctory

Ivllil(’ forr( coilt K) I a(l(ls slIIall I)crt (Irl):lt ions 10 a(ljllst for errors I)ctw’(’(’li  111(’ ])lalllld ll”ajcr’lol)’ :111(I

111(’  l)ll}si(al syst(’tll Illotiotl. ‘1’li(, ~~ol))?ll({?j(l ‘lb )l(L(Ilio7 ,Il({p i)(rforllls tllc ltla]~l)itlg lIcl\\NII tllc t a s k

;III(I  (11(~ r($(lllit(~(l  colIc(IIr(~lIt l)(Jllil  Viols, ‘1’llis colll(l I)(, (IIJII(  ;tlltot)l;itic~tlly (JI tlllc)ll:,ll illt(~ractio]l \yilll

:111 ol)l, ralo l.”

‘l’lIt’ ~loi(ll’iol,~~~(lc(”  itl(llt(l(s all of tll(’ il)(lr])(ll(lrlll cot)tro]  l) CllilViolS, ‘1’r:Ij(Iclory  ‘J’racliillg is a (olIl rol

l~(ll;l\ior \\,llicll ],t(,vi(l(w il 1 r:tj(x-(ory g(]lrralor 1( I ~(11(.rat( I’(’il l-t illl(’ t ril,icctori (’s, ‘1’11(’ ‘J’rl(’ol)(’ral  ion

l,(ll;l\ior t/lliCS  wal-tilllc o])crator itl])l}ts atl(l gcllcrat(,s  colltr(,] ill])l]ls. l)itllcr g(l)clatcs slIItill l)(rio(lic

(Iii II(I colIl lo] i]ll~llts, J’orc(” ‘1’rackillg ]Jrovi(lcs control of collt act forces IWIWWII  t II( IIlii})i))l]lat(jr aTI(l tl)c

(l)vir(~]lttlelll. Nfiilli l)lll; il)ililj Colll])lllcs ;111 {)l)tjl)l(lllt ii fltt (’otlfip,l ll’iiti(jll atl(l ~Cll(+l’ilt CS C()]lfr()l  itl])llls 10

II IOY(” lo\~ar(l il Sill~l]l;lrily A\ ’oi(lilll  CC p;(t)  eratrs Col)tlol”  ili])lils  1(  I lid(~j) tllc art!] a}vay fr(~lrl  sitlgttlaritics.



Appliwlion  Spaw

(grwrol  opplirfttiom)

- - -  _ _ _ _ _  .._-

COmmand ‘1’()
Ikhnvior  hliip
f- 01 117)
— — _  _

lkhavior Space

— -— _
Ik’lwvior  ‘1’0 Ttlolion
cfmrcliw>te  tromvfortn,

-100” 11,)

Motion  Sp;IcC
M(Xc-Xr)+ B(XC- XI)+ C(Xc-Xr)  =- Pa- I’r+ l;),+ 1;+ ~j)+ .

\ 1 I—___ __
~lotim)  ‘1’() Aduaior  Map
-200 117)
—

---==+2 ‘-  - -  - ‘-  - -

— _ _  _ _ _  _ _ _  _ _ _  _ _  _ _ _

id uator  SpMtI
—.-— _ _ _  _ _ _

AcIu:IIOI  C(MIIIO1 (Position, Vcloci[y, (M ‘1’orquc)
— - — — - — -  - —  .——.  ——

. .
—

—.—

I’iglil( 1 :  ‘1’;1S1<  (I(collllwsii io],  ?111(1  (’(,111 ro] f(,r c(Jl,cllr](sJ,t  I)(]lavio]+

4



.I(jilll I,iiilit Avoi(latlc( g(IIriat(w COII(KJI it I]Juls  1(, k((], llIr  aIIII a)viiy fIOIII  joi]ll  litt]ils,  olwtaclc

A~oi(lii]l~( gotlrratcs COIIt IYIl illl)llls to ]Jr(’v(’]lt  c(,llisiotls, l’mxitllity p;(virralm coIIi IO] ill])llts to coIIt  ml

I)roxiltlity  10 a wa]  c)r  \irlljal  ol)jwt,  \~islIiIl ‘1’racki[lg ,gc]lcrates  C(JIItI(Il  i]Il)llts (o I)rovi(lc visual srrvoillp;.

()[llfr l)ella\’i(~l’s  (’(11! 1(1 illS()  I)C I,rovi(l((l. l:acll 1)(’llilViol  11.as colillllal Id ],alalllrtrrs t h a t  s}wcify  i t s

ol)(ratioll [I II(I 11s( of teal atk(l Vilt(lill  S(l)sor (ii\{  i\.  \’irlllal Sensors arc  tl~rwr t h a t  (Icrivc data, ])ossil)ly

I-loll, r(’al S(’llsors,  e.g., ii joil)t litl~it or Sillp; lllillity s(’i I,sor (1 ( ’ r i ves  (Iata frolll Y(J8I joitlt ])ositi(~tl scIIsors,

NI(JIC COIII]JI(’X rcsllltallt l)  CllilViOIS  CHII Iw  geil(ratc(l  ))y Coilciirrct]t  cxccutiotl o f  i]ldividllal I)cllavi(,rs,

I’OC (’X; II II I)I(,a  ])ollslllllg 1)(’llavl(]r llla~ I)C Colll])(md of tclcol)cratioll, force tracliillg, ltlallil)~l]a])ility,

joint liltlit ilvoidflll CC, ol)staclc aV(liditll C(’, all(l sillglllarity ~VOi(lilll  C(’ l) Cllil\’iolS, ‘1’clwprlat iol} coIIl(l

:11101!” Illc)t iotl ill])llts I)y all c,]~rratol only t allg(llt iill  10 tll(’ sllrfac( II(,rlllal, IJorc( t rackitlg Collltl ])ro\idc

il Col)Slilllt  fol((”  agai]tst  tlic Slllfa C(’. TllalliJJlllal)ilily could cotltrol !Iic artll co]lfigllralio]l  for ol)tiltlal

collt,rol of fitl( forces,  Joitlt ]itl}it avoi(lfillc(,, c)l)stacl( avoj(liillc(,  a)ld sitlgl]larity avoi(la]lcc J\,ol Ild keel)

(11( art II  fro]II  collisions att(l sillg(llariti(w, ‘1’IIc  o[,rralor \w)IIl(l  tl]rll  oIIly  IIavc t o  l~rovidc  tllc ]Ilo(iolt

(Iv(r  t  IIC sllrfaw.  ‘1’lIr  alltol(otilous  systeIII \\oIIld  l~rovi(lc tll(, YCSt of tll(’ collt 101.

‘1’11(’ ,!fofio~) Spnr( i s  tll(’ (x)lltllloll CC,l}tcol Sl)acc for a l l  l) CllilViolS.  Nlcclla]lis}lls  \vitl]  tIIorr  tllatl  s i x

Illcclialiical  DOI” S llaVt~  1)((’11  l(,f(~l’1(’(1  t{) ilS Jiil,cillalically l(,llil)(lallt sitlc(’ tll(. Cli]SSiCFll l~col)l(’111 of (’11( 1-

(llicior l)cwiti(jll atl(l orj(llliltioll”  CO IIICOI  for a  sj)al ial Il]allil)lllalor call l)r lIal I(ll(d l)y a six  1)01” rollot.

‘1’ilSl(  ]f(lilirfl],ft,ts  <) f’lfll  d i c t a t e  ii tilSli S\lilC(’ of dit,lctlsi(,tl ~,l(i((~l  tltall  s i x . l“<~r s<) Ci\ll((l Jiillell)iltically

I’(,(lllll(l; lllt l“ol)(jts, a IIlotio]i” sJ)acc is (l(’fill(’(l t Ilat S])alls  all of t 11P lll(’Cllillli Cill l)ol~s. ‘1’llc  ]Ilotiol)  Sl)acc

of 111(  s(y(ll l)()]J )Il:llli])lll:ltor Ithc(l lIC]C i]lclll(][,s a six 1)01: c(mt(litlaic  frat)]c  (tlic  Nlo’1’loh’”  fra]l]r),

all(l (Ill “;II’111 allgl(>”  J)illillll(>/Cl  \Vlli  Cll (l  PSClil  KW t]l(> illt(slllii]  Collfiglllilti(l)l  O f  []IP  allll, ‘] ’tic  al’111 :III,P,]C,

1(’l)r(w(lll((l I)y ~’~, i s  d(filt((l ;Is lIIC  allgl(, lJ(t\v(clk tllc l)lallc ])assillg Il]roilgll tllc sllolild(c, oll KJ\v, 2))(I

\l’Ci S( l)ojllt  S illl(]  SO IIIC 1(’ f(,l(,ll  CC J)lall C; IV(’  CIIOS(>  tll(s \’(,l~jCi\]  J) I[{IIC II  CI(S,

l;aclt  )I}otiol)”  lXJI” r:lll wc(ivc il)l)llls  frolll  Itlllltil)lc  })(l) a\iors. Alot ion ~J)ilC(>  Collt rot i s  [10)1(  11(I(

IIsillp,  illl])((lilllc(,  C(IIIICOI [~)] 1)111 \vitll tlIc (,x]) :III(l((l al}ility 10 ]IIcrgr Illl]ltil)lc  C o n t r o l  il]Jjllts  citl]rr a s

])(~sitiotl  illljllts oc forc( itll~llts. 111 tld(litintl, lllr illl])((lilllc( (qllaliolt call I)(, Cxt(.lld(,(l I)cyotld s i x  l)OIPS

to IIliltcll 111( (Iilll(,llsioti of tli( IIlolioll” S[)il C(, ‘I’l Ic ]Ilotioll  sl)ac(. itlll)(<lziltcr c(~lltrc~l (Jq(lati(,ll,  a s  slI(I\v  Il

ill Ipip,llr( 1, i s

Af . (  J \ ,  -  i,)+ 1~ .(.i.  - -  ,ir)-l  1; (l’,  -  .Y,)  = ):/’; ( 1 )

\l’llcrt  !1/ i s  tllr i]ler( ia Illillrik’, }1 i s  tllc  (lat]]l)itlg  llliltl’i X, 1{ is tll(’ stiflt)css  IIlat]ix, .Y,. is tll( r(f(t(llc(

1 I’;lj(,(t ory, .Y( is i II( (’ollll  llilll(l(+(l ]J(xili(,ll , atl(l >: l; is tll(. SIIIII  of all l)cllavi(]r itlljltls Illa])l)(d to fo rces .

II(llaliow call ;Ilso g(ll(rat( I)(wit  i(,)) (’(,llllllilll(lS 10 I)(! 111(1/,(,(1 \vit II tll( ccffr(ltc(  lrfi,jcctc)ly,  l’J(lll;Il  ion  1

(3)

\\ ’ll(>l(  II is tll(-  CIIII(>II1  S; II II  J)I(>  11111111  )(>1’  ili)(]  -At is 111(.  SaIII])](>  tjtllr 11(’l\v(YII  SHIII])l(’S,

‘1’llis ~ivm lIIC (I(wiml ilc(’~1(’tati(lll  of 111(’ lll(Cllillli Sill ill III( Motioil” Sl)ac(I  \vllicll i s  illtegrat ((l to

I)co(lllc( {II( (I(sir(d y(l(,city, ‘III(, IIlotiot)” COIIIIII;  III(15  tll’(> tll(ll Illilll[)f’(1 itlto 111P ilCtlliltol SI):ICC of 111(’

IIltcll:ltlislll,

‘1’11( .4clu(/fo) ,$’]~(lc( i s  (1(. fitl(d a s  tllc sl)ac( of ;(ctivc  actuatiotl o f  tllc IIl(cllal}is]ll. Nlccllallisllls

\vllic]l Il; ll’( ]!101’(” tllall s i x  ;Iclllatol. l)O1; S fall itlto l\\,()  ~,(>ll(>lal c;lt(,~,ori(s, kiliclllaticillly 1(’dlllt(lalll altd

!rl



::___-=/-— ;<--

-2’

x

-..

x

xx
- -
.

-.

,!

. .

s,
-,

Xy
w -.

.
-,
-=

L
-1 ,Y

x.
. .

!!



itlll]l(lll(’lll;lt iml (11 ilix(w joilll I)ositioll s(’rv(x  s o  (Iir joint v(,locily  col  II  II  Ia]I(ls  iil’(’  itltcgl;i((d 10 p,(’l]crat(’

tlt(j(~illt l~{wiliol]  COllllllilll(l S.

3 .  lndividua) l~c!llaviors

As  SIIC)JV II it} IFigl]r( 1, \ariolls i]l(livi(lllal I)(llaviors catl  (T X(, CIIIC co]lcltrr(,lllly. A l)(~l)avi(jr  C:III g(IIrrate

(ii I](’r ]](witioll co]lllllall(ls, \vlliclt arc  ]tt(rgc(l Ivilll tll(’ r(frr(~]Ice ])osilioli traj(x-tory OII lllr left si(lc o f

l~(l(l:ilioll 1, or forc(~ CO II II IIa 11(1 S \vliicll arc II I(rg(Yl \villl >: l; 011 tlIc right lIalt(l si(lc o f  tllr cq(laliolt,

‘1’(’l(wl)erai  i[)ll  i s  slI()\vtI  as ii Imsi( ioli  I,wd  illl)ll(  ill  l)ig~lrc  1  I)\lt  i s  illl])lr]llr}ltrd  i~S  a forcr l~ased

i]ll~lll,  I(I:I1(KI  1 0  i]l]jlll  \’clorilies,  lIrIc, ‘1’lIc  illl)llt vrlocily IItotio]t I)y tllc o]wratot willl a six 1)01” IIilll(l

(’011(  I’OIIP1  is llilll  Sfolll)(>(l  to ((llli Viil(llt  vclocit  i ts ,  .~}, , l)as(d  11])011  llIr sclwi((l tclml~er:itioll III(,(IC  [If)].

‘I’l I(w v(lociti(w arc ]Illlltil)lid I)y a (Iallll,i]lp, IIliilrix, l;(, 10 mlIIl)uir tllc cquivalcllt forces  \vitll

‘1’IIc (I:i]lll)illg, IIlalrix, 111, C:III I)( Its(d 1(, scl(’cl  ol)(Ial(JI iltl>l[(  dirw[icllw. ‘I’l  Ic o]Icra(<Ir  ill]~llts  aYIII

iill&!,l(>  \(locity 11~ Ilr(witlp; il lrig~(,r 011 (11(, 11.311(1  (’(llltl(~ll(l :111( I Cllilll~(S  tllr si~ll  IJJ’  [~ressiilg  a Ijllltoll

( I l l  (11(> IIiill(l  Colltl’oll(.l.”

l“or((s ill’(’  of({ll IIc)l Colllroll((l dit(=ctly \rilll itlllj(datlc(, (’(,111 rol. 1{:1111(’1, d ]~osil ion s(’l])oitlt i s

sl~(ci(it~cl  illsi(lr  iiII  ol)i(~r(  ali(] 111(> acll]al sic;I(ly s[al(,  :I})])li(.  (1 forc(~ i s  a  f(lt]ctio]l  of 1)0(1) tll( talg(.t

Slifl’ll(,hs :111([  tli(~ ])osit,io)l” (.rror,  ‘1’llis  a])l)lo?lcll  is {l~,fliliil)lr  \vi(l]  (Ilis illl])l(~l]l(~ltlii[ioli,  1)111 all illl(,lll{ili  V(>

{\})l)l’\)il  (’11  llilS  i\l S()  I)(TII  il))])l  el))cllt  (’(1.  Ill tll I? :Ilt(.l’ll?ltil’(>  il])])loil(  ’11, it lCf(>l(ill  (’C ((lwir  (d) for C(,  is sl)wifi(,(l

:111(1 tll(~ (li[l”(~l(~tlc(~ 1)(’t\r(~(JII tll(~ r(~f(~rellr(~ alI(l il(’lll;  ll fol’c(x i s  Ils($(l c)]] 111(’ riglll sid(~ of lkl(iiili(~ll 1 ‘J’llrll

(Xil(l  Iorcc Colllrol”  i s  l)ossil)l( l)y s(~t titlg 111(~ r(~f(r($llc(~ S( ifl’ll(w, K ,  iilld lIIC  l’(~f(’l(llc( (Iaject Oly  \clocily

;III(I  :IC(.  (1(,1:11  ion  t  c) Y,(LI() ill fo].c(,  COII1  roll  (.(t  1 ) [ ) ]  ’ s .  Ass(llllillp,  tl)ilt  tlI(~  cli\,irc)lltll(~llt  CaII  IIP  II I()(lrl(~(l  as

:! slifl”ll(w  \vill)  sl)rilig  (ollSlillll  1.,,,,  , lllc il])l,li((l  for(()  ill a 1)01’”  ivill  I)(,

J,, = 1’,,,,  (J,. - ,/,) (9)

III st(a(lj stdl( 1 1,( (Iwircd HII(I art 11~11 al~l,li(xl forc(’s  \vill l,{ (qIlal for ally target illlldal)c( l)araltt(l(w

\vlii(ll l)t(~vi(l( stt II Jl(. (’Cjlllact  fol 111(- Cllill’ilc l(.l’islic (’(llliiti(~ll

?//!$2 -{ /).$ -1 k,,,,, : () (11)

\vll(l( Ill i s  tll( lllil  SS  1(,1111  of hl, 1 )  i s  111P (Iollll)i!lg  lcl’111  Of  11, iill(l  k,,,,,  i s lIIC s{i(l’l)rss  it) tlI(  form

(’(1111  I’olll$(l  I)OIJ,  I’; it  II(I :1])1)10:1(’11  to Collt  101  (If  f(llces  i s  ii\,  i\ilill)l(’  i f  tll( (li~l”(rcl}c( l)Ct\V(Yll  tile I’(f(l(ll(’{

illl(l  ;I(’t Ilill  fol(’(w is il(l(l(s(l  10 tllc rig,lll  11:111(1  si(lr of IIkll]:llioll 1 ‘1’llis i s  slI(j\vlI ill l’i~,llr( 1  \rilll tl](

(Ii fl”(r(ll(( I:, -  )’,

‘1’11(  [ roj(cloi~!  ~(ll([:ltol  l) Cllii\’iol  (’0111 ])111(s  t  IIC I(f(r(ilc( 1 I’ilj  C(’tolj”  ii(’(’C’lCrilt  io)i  .Y,.. v(loci[y  .il,

:111(1 I)(witio]l ,Y,. [l (j]. ‘1’11(~  il~tll  ii]l~l(,  is also  g(TII(JI:\t(J(l :IS ])aIt  of tllr t r a j e c t o r y .  A)) altrrllativc tr:~,j(~ct(jr)’

~,(11(1’ill  io)l S(ll(lll( lIas  also  IJ(YII illll,l(l)i{lll((l, II(I( .~,. : ,~, : ( ) aIId tllc ref(~r(~)lcc lj(mitioll is s e t

1 0  1)( 111( (I(wir((l [illill  I)osili[)ll. ‘1’11(’ stifl’]l(w  lPI’111  of 111(’  illll)(’(lilll(’(’  (T(lllalioll  fll(’11 (’alls(’s  111(  ill”lll  {0

II  I(IV(  t o  tll(  (I(stitliltioti,  A  sligll(  (llii\yl)[l~li  ~vitl]  tl]f “sl)]illg” t  I:lj(’(’[ol’j”  is  lllilt  t 11(’ ltlOt  iolj ~C(’(’1(’l’ilt(’S

(I(li(’lil}’  itliti;illy  illl(l  111(11 ill)l)roil(’lll  S tli(~  (I(stittdlioll  Sloivly.
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.loil  It trav(l  liltlitill~])roli(l(s  fil I a r t i f i c ia l  l~ol(llliiil ficl(l at tlIc (s11(1 of tra\cl Iilllitsoll cacll joii)t. ‘1’l~is

firl(l i s  tlt(’11 lllalll)ml 1(, tll(’ II](,(ioll s})ac(’ t o  wsist ol~(’rdlor colIIIIIiitIds tllal mccr(l joitli Ii]llils. \l’llilr

tllr I(J(:I1 s i t e  ]Iillll  ])lat Ill(’r cal  I l)mlicl illl(l  a\wid joiilt Iiillits itl its co]ltlliall(ls, oflcll 111(’  (Jimrator  Ilsillp;

t(l(ol)(’liltioll”  Ciillllot. ‘I’l  I(joil  It trfivc] liltiititlgscllsor  r e s i s t s  lllis  ]Ilotioll”  s o  tlic ol)rrator  does  IIOt  i]ldttcc

a  fal[l[  c(,tl(liii(,ll wllicll w(,LII(I  illterrt}l>t tlic cllrwlll las!i. Si]llilar to tllcjoillt tra\’(1 lilllitillg)J(’llil\’icJl is

111(  l)clla\’ior  fvllicll lilliiis IIlotioll ill [11P Il)iillil)llla(or lv(~rks})acc  sillglllar rcgi(nw,  lllf(>rll~atio}l ill joilli

s]):Ic(, of IIlotio]l s])a((~ ill)ollt  tlI(’  sitlglilar rcgiotls i s  reqllir( (l, Soil Ic siltglllar rcg, ions arc  qllalitatively

lo(alc(i at joi]ll Iilllits; tll(w arc  talirtl car(’  (jfl)y (Ilo til)()\’(’ I,cllavior. olltrm arc locat(d at collfip;llratiotls

\YII(II III( s(\JcIItl  I joi]tt fraltl( is \Yilltill ( ) .2  lll(t(rs or l)cyoIId  1 ,1  lIIftc Ih of tll( firs~ joitll  fratno  [ 1 7 ] .

‘1’IIIIS  if {{’’l’~ll > 1.1 ll)rt(’rs tllrlt

or if [l[)l’;ll < ().2 111( ’t(’l’S  tll(’11

(1’2)

l’~?i,,q,(l.,.j,y Z -  (?’’’’’’’’”/1 ) ‘;sir,gula~ifu
(0.2- [ll’fic,t,(,,ll) l’(,r,,,,,l ( 1 3 )

““’(; [’’’f’f is tll(’  Iigid lI()(ly trallsfolllli~t ic)ll\~ll(’r(’ ~1..ill!)ulc]ity  l.< 111(’ g;llll  f(~l” tll(’ slllglllill  rq,ic~tl  avoi(lallc  (’, ;
l)(t\Y((tI (Il(joillt 7 fratll( aII(l  (11( ]I)otiol)  s])acc  coor(lillatc”  systcltl.  1’ ‘C,, /,,(,/ 1S 1111’ :lClll:il Cllrrcllt ])nsitioll

o f  tlt( joint scv(l I f’ld IIIe, alI(l lf~,; ,,q{, I(,,. jlg is llIc sillgll]ar r(.gio]t avoi(lallcc I)(,llavio] (’OIIIIII?III(I  ill lIIC

llloli(ll] sl)acc.  NTote that if t Ilr IIlatlil)lllator is IIot ]Iear  a sitlp,lllar r(’gioll 111(’rc  is II() co]llttlal)d(’(1  ]Ilolio]l

flolll this l)(,lli\Yiol’,

0 1 1 1 ( ’ I  l~(ll[l\iors call also 1)( a(ld(xl  (it Il(r ilS  l)osi[ioll  illl)l}ts  (Ir forc( itll)llls.  ‘1’11(  t r[ijrctory  g(’ltrrator,

Ior((  Collt ml, atl(l  t(’1(’()])(’lilt  i(>ll 1)(’llavic,rs  IIav(’  l)vOII  i]]]])lflllt’lti((l.  01 lIcrs an’ l)lal]llcd f o r  illlj)lcl)lctl-
till i[)l).

4. IIOIIIICICX1  l.)ehavior cxccut, ion

‘1’llo  collt ml scllrlll(’ fol collcllrrclli 1)( ’llil\’iol’s IIl(rgitlg II:Is I)(’cl)  (Icv(’lol)rd for s])acc  fliglll al)l)licat ions.

‘1’ll(r(f(,r(’  i t  Il:ls 1)(’(’1~ illll)l(ll](’lit(’(1 \vitll :! fix((l Soft!  Vill C syst Clll  ?1S (I(wril)c(l 1)(’IOIV ill Scc[ ion ~). All

?I(l(lil ic)llal  foal llr(’ \vllicll is ll(~c(wary fot cx(~c(lt ion d t;isks ill a rclllotr sl~acc rl]~irolllil(’llt is })ollll(l(xl

1)( ’llil\’iol” ((1111  ro]  cxwl]liol] [ 1  8]. ‘I’l Ic IIllllt  il,lr (’ollcllrrclll Iwllaviors ill’(,  Iliclg((l  [op,et  Ilcr (0 g,(llcl’a(r

111(’ r(wlllt:li}t 1)(’llavior, ‘1’llis rcsltllallt Iwlliivior II IIISt  tll(’n 1)( ))lollitor(d  (lllril)~  (.xwlltiotl  10 IIlakr sllr(’

lllill  it Stii~S  \vitllill sl)wifird 1)01111(1S for Safrty. ‘J’IL( local  site call l)laII tasks a]l(l sittlllliltc tile cx(clltioll

(JII a  Iociil sitllltlatoli IJllt  caijllot 1)(’ sIltr  of tlir Illolic)ll  gc]lrratd  l~y  roa-tittlc  SCIISC)I  l)asrd  I]lolio]l.  ‘1’0

Cllslllf’  s:if(ty (11(’ local si{(~ Cilll  s}wcify  all(l v(’rify Silf(’t~  Of tasks lvllicll Cx(’(’llte Jvitliii)  sl)wific(l  1)0111 }(1s.

‘III(W I)ollll(ls  lllil~  illclll(l( (Ilc diflir(llcc 1,(’tw’(’(’11  tllr r(f’cr(llcc tl{{jCCt  Oly and tile aClllill  t1’21j(Y’t  OIJ’,

forc( 1 I]rcsl)ol(ls,  all<] I)roxittlily tllrwllol(ls, A s  lotlg as tll( exmutio)l l)mgt(’sscs }~’itllilt tll( sl)(ci(icd

I)ollll(l>,  i t  Sllolll(l  I)(, Silf(,

‘1’11( (I;ltil  (Iriv(]l IIl(tgil)g of COll Cllrl(’llt 1)(’llil~iol’s for a r(xllltl(latlt II]illli[)lll:ll ol” 11/ls I)mll (lCV(lO])(’d

for c o n t r o l ”  of SI)ac(’ St;llioll  l]]2111i l)llliltol’S. ‘III(’ (I(vclol)lll(lll all(l it[ll,l(]tlctltllt ioli 11:1s  I)(’(’l) (Iollr ill tll(’

.1 I’1,  Slll)(rvisoty ‘1’(l(rol)olics” (S’i’I’;l Jl:ii) IIll)oratory. ‘1’11(’ S’I’I’;  l,l’; l{ Ial) t(’lrlol)ot s! ’slelll is Coll]l,os((l

of ~1 I(lc:ll sitv \vll(’1(’  tiiSli  (’ollllllil)i(lS  ill’c  s})(cili(xl IIy ?111 OJ)C’1’illor”  \villl .3 p,ral)llica]  il[t(rfacc [If)] :111(1

il l’(’lllot(”  sitr \~llC1’(’ tll(, (’(1111111:111(1S  ;11(  (, X(  K’(I!(’(1  [2(1], ‘1’11(  r(lllotc site w a s  (Irvclol)rd t(, I)(J al)lc to
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l’i~lltt  5: l“c)l’(’~’ (’{>111 1’01 (10(}1’  ol)oi]ill~,: w)litl  i s  (loo]  rolat ion al)c,lll  llIt’ hlo’I’lo N”  fli{lll(> X ilSi  S (l)il)~(’

ii Xi\):  (lil.Sll(,  (l i,+ 101(111(”  ;IIJOII1  111(’ NI()’I’IC)N1  fi’iilll(’ ,X axis

)’or sl~riltg t]:ljcc[or) (Ioor ol~(ltitlg, 111(.  Al, /1, ;111(1 1( ])iil’illll(l(’l’S  of 111(  illll)c(la]lc(’  (T(lllatio]l  Iv(.r(.

sl)(cifj(~(l.  ‘1’]1(~  r(f’(IIXJIIC(~  folc(i  sr[l)oitl[s  I\,(IIx,  HII s e t  f o x(,I()  so (Itat  f o r c e  coIIt M)]  \vo IIld l~rovi(l(’ collil)li-

m]ct, ‘1’11( rrf(re)lcc l)(,sit ion s(t  l,oillt ,Y, was  S( t to tlI(’ (l(Slilliit ic)ll IJmil i(]lt 1(’l)r(wtll itlp; a rot al iol[ o f

:{:} (1( ’/,[”( ’(’s, ‘1’1]( r(f(r(l~c(: j(’lociiy all(l ticc(l(l:lliot) \v(rc s(t to mm. ‘1)11(’  r(w[tlls of tlIe (I(mr ol~c]litlg

(;1s1{ Ilsillp, 111( sl~rillg tl’ilj(’(’t C~l’J’ i\l(’ sllo\Yll ill I’ip,llrcs 7 :111(1 8. ‘1’tt[ s(tlsd f(~rce slid t (Jrqll(’  IIlagtli( ti(l(w

CO III(I Ill(ll)al)ly IIav(’ I)((’l] r(’(l~lc(’(1 11)’  s(ttillg 111(’ I\- IJlatrix ~,ilill  S to Z(ro  (X(’(1)1  for al)ollt  tile X axis,

lllilf(’111’fl(’~  ill 1 II(, SIl(cifird godl  Iwsiliotl  V(rslls tlI(, I)llysical }msi(i(,ll  aflcr ol)(,}}il~g  llir door col  Il(l lIavo

CilllS((l  t  11(’ S(’11S(’(1 fol(’(’s  <III(1  101’([(1(’S  {() i[lcr(;iw ilS  111(> CI[)ol  OI)(JIIC(I.

‘i’. Conclusions

A  ~()]ltl()l  i\lCllit(C[\)~(  fop (Iilt  ii (Iriv(]l  IIlclgit,g  of C()]lC(trl(llt  Cotltrol”  I)cllaviors 11;1s I) C’(’11  (Im’eto])r(l

:111(1  itll})l(’l(l(~lllc(l 011 :t I’(’(l\)ll(l:\llt  lll~lli ])lllilt [)], ‘1’llis (lat:l  (lrivrtl  HII])1021C11  l~ro}i~lcs  a  lill’~(’  sllitr of

ilvilil;  ll~l(’ Control”  1]10(1 (’s usitlg a Ialg(, vi~li(~(y Of l($i)l al){l \’irtual s(~llsols \vit}litl III(> ])l’il  Cli Cill co]lstrai])t

(II it sillp,lr  Y:lli(l;lircl  Soil\\ ’ i l l ’C S\ ’St Cl I l . ‘I’l If’  urcllit(wt~lr(  }Jmvidrs a fl(xil)l(  rrlIIot(  s i t e  col  It IOllrr  tllnl

i s  Ivf ’11 sllil  ((l fol  slll)(rvisor~”  1(’1(’I(JI)O1 ics il[)])liriif  iolis. ‘1’11(’ hl)stractiol]  l) C$l\Y(Tl)  t;iSli  I)rl)iiviors  ?111(1

lll:ltlil)lll:itol  sl)ccific  lllil])J)ill~S  alloi\’s  III( iIJ)l)ro;Icl  I (() Ilc al)t)liul  10 a \vi(lc  v a r i e t y  of l\l(Cl\iilliSlll  S \yitll

;1 11 S(,1’  (1[’(ill(~(l lil  Sli  II:llallt(’t(’rizatioll,

AckIIowlc>(lgcIIIc?I~t,s
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[7] 1’:1111 (:, IIa(”li(’s, (icllcr:ilizd coltl})liallt Itlotio]l tdsli (I(wri])tioll aIId (’x(’cutio]l Ivitllil) a
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